we discuss novel strategic approaches that enhance the therapeutic potential of MSCs through a consideration of MSC plasticity in immune modulation.
Introduction
Mesenchymal stem cells (MSCs) were originally described by Friedenstein and colleagues as adult bone marrowderived stromal stem cells with the potential to differentiate into adipogenic, chondrogenic, and osteogenic lineages [1, 2] . Since then, MSCs have been isolated and expanded from a wide variety of tissue types, and the use of MSCs has accelerated in both research and clinical labs. To address the inconsistent characterization of MSCs by different investigators, the International Society for Cellular Therapy provided minimal criteria for defining MSCs, which included adherence to plastic, specific surface antigen expression, assessment by flow cytometry, and multipotent differentiation potential under standard in vitro conditions [3] . Surface antigen expression of MSCs includes the expression of mature stromal cell markers (CD105, CD73, and CD90) and the absence of hematopoietic and endothelial markers (CD45, CD34, CD14 or CD11b, CD79a or CD19) and human leukocyte antigen-DR.
Early pre-clinical studies on MSCs focused on the role of MSCs in tissue regeneration due to their ability to differentiate and migrate to sites of injury [4, 5] . Contrary to initial expectations, MSCs showed low engraftment rates and short life spans, suggesting that differentiation-independent mechanisms played a more important role in the therapeutic effects of MSCs [6, 7] . Increasing observations Abstract Mesenchymal stem cells (MSCs) are multipotent stromal cells with the potential to differentiate into different tissue lineages. In addition to their differentiation potential, MSCs possess immunomodulatory properties that have created growing interest in both pre-clinical and clinical research. Over the years, MSCs have been applied rapidly in the clinic in a wide variety of immune-mediated disorders; however, MSC therapy has shown contradictory results, often with poor clinical outcomes. Recently, studies on MSC-based immune modulation have provided possible explanations for the conflicting clinical reports. It is now generally recognized that the immunomodulatory properties of MSCs are not constitutive but are induced by various mediators present in the inflammatory microenvironment. Different inflammatory stimuli are able to polarize MSCs to elicit distinct immunomodulatory phenotypes. Thus, the concepts of plasticity and polarization of MSC-based immune modulation may have important therapeutic implications in the clinic. In this review, we focus on the underlying mechanisms of MSC-mediated immune regulation that contribute to their therapeutic potential. Importantly, Mesenchymal Stromal/Stem Cells revealed that MSCs produced large amounts of cytokines, growth factors, and differentiation factors involved in the regulation of inflammation and immune responses [8, 9] . Thus, the therapeutic potential exerted by MSCs depends largely on their capacity to secrete soluble mediators that influence various immune cell types and factors involved in the microenvironment. Based on these data, numerous clinical studies have sought to exploit the immunoregulatory properties of MSCs in various pathological conditions over the years [10] . With increasing knowledge of MSCmediated immune modulation, numerous investigators now report that the immunomodulatory activities of MSCs are not constitutive but are induced by different inflammatory mediators present in the microenvironment [11] [12] [13] [14] , and depending on the inflammatory stimuli, MSCs show high functional plasticity, in that MSCs not only inhibit immune responses but also enhance them. Recently, the concept of MSC plasticity in immune modulation has provided some explanation for the contradictory and often discouraging outcomes of past and ongoing MSC-based clinical experiences. Understanding MSC plasticity has provided a new paradigm for MSC-based therapy and may additionally accelerate the clinical application of MSCs.
In this review, we provide an overview of the basic concepts of the immunomodulatory properties of MSCs and highlight the latest findings on plasticity and the polarization of MSCs involved in immune regulation. Finally, we discuss future considerations for the clinical application of MSCs to improve their therapeutic efficacy.
Immunomodulatory effects of MSCs
Initial observations that MSCs interact closely with the bone marrow environment and that MSCs express the adhesion molecules VCAM-1, ICAM-1, and LFA-3 involved in T-cell interactions resulted in the discovery of the immunomodulatory properties of MSCs [15] . Subsequently, numerous studies reported potent immunosuppressive effects of MSCs, mediated primarily by paracrine effects. MSCs produce a broad spectrum of growth factors and cytokines, and the full extent of immunosuppressive factors remains to be determined. Major soluble factors involved in immune modulation include transforming growth factor (TGF)-β, heme oxygenase, insulin like growth factors, interleukin (IL)-6, prostaglandin E2, and indoleamine 2,3-dioxygenase (IDO). Additionally, some studies have reported direct cell-to-cell contact mechanisms involved in MSC-mediated immune modulation [8, 16] .
MSCs interact and act on lymphocytes in both innate and adaptive immune responses [8, 17] . Within the innate immune system, MSCs inhibit the activation of pro-inflammatory monocytes and macrophages and promote the conversion of pro-inflammatory M1 macrophages into antiinflammatory M2 macrophages [18, 19] . In addition, MSCs inhibit the differentiation of monocytes into mature dendritic cells (DCs) [20] . Antigen-presenting DCs may also be converted into anti-inflammatory tolerogenic DCs in the presence of MSCs. Tolerogenic DCs produce high levels of IL-10 and have reduced ability to stimulate T-cell proliferation. Moreover, MSCs play a fundamental role in the regulation of natural killer cell proliferation and their effector cytotoxic functions [21] . In the adaptive immune system, MSCs suppress T-cell proliferation directly and activation, and also regulate the differentiation of helper T (Th) cells [15, 22, 23] . MSCs suppress both pro-inflammatory Th1 and Th17 cell subsets while promoting anti-inflammatory Th2 cell subsets. Importantly, MSCs promote the differentiation of functional regulatory T cells (Tregs) from naïve Th0 cells [24] , a unique T-cell subpopulation that specializes in suppressing immune responses. Tregs induced in the presence of MSCs are capable of potent inhibitory functions against effector cell proliferation. Finally, MSCs are capable of inhibiting B-cell proliferation through direct cell-to-cell contact. Furthermore, MSCs inhibit effector B cell functions, including plasma cell differentiation and immunoglobulin production [25] .
Limitations of MSC-mediated immune modulation in the clinical setting
With knowledge of the immunosuppressive functions of MSCs, the first clinical application of MSC therapy was in a steroid-refractory graft-versus-host disease (GVHD) patient following bone marrow transplantation (BMT) who was initially unresponsive to all conventional therapies [26] . The dramatic clinical improvement in this patient by MSC treatment led to a series of phase I/II multicenter trials by the European Group for BMT [27] , which also showed promising results for the treatment of GVHD. However, several studies demonstrated mixed results regarding MSC efficacy, depending on the age, organ involvement, and severity of GVHD patients, suggesting that MSC therapy may be more effective in specific environments [17] . For example, a greater proportion of pediatric than adult patients responded to MSCs, and better outcomes of MSC therapy were observed in steroid-refractory acute GVHD compared with de novo GVHD or chronic GVHD patients [28, 29] . However, in a randomized placebo-controlled clinical trial by Osiris Therapeutics using MSCs for the treatment of steroid-refractory GVHD, public reports stated that MSCs failed to demonstrate therapeutic efficacy compared with placebo controls [30] . Thus, despite the considerable progress in MSC treatment that had been made over the years, subsequent clinical studies produced ambiguous results regarding the therapeutic efficacy of MSCs.
In addition to GVHD, MSC therapy has been explored in trials of various immune-mediated conditions, such as cardiovascular disease, Crohn's disease, osteoarthritis, rheumatoid arthritis, and amyotrophic lateral sclerosis (ALS) [17, 31] . However, investigators struggled to show clear therapeutic efficacy in these chronic immune disorders. In Crohn's disease, therapeutic efficacy of MSC therapy through intralesional infusions has been demonstrated by local healing of Crohn's fistulas [32] . However, systemic infusions of MSCs did not inhibit progression of the disease [33] . In osteoarthritis patients, MSC therapy showed promising results with improvements in clinical parameters, including pain and function, compared with baseline. However, when the results were compared with historical control groups, all clinical scores were significantly poorer in the MSC-treated group [34] . Recently, MSC therapy has also been applied to RA patients; the delay in clinical application was associated with conflicting results from pre-clinical studies. In refractory RA patients, MSC therapy induced a short-term reduction in clinical scores, but the clinical improvement was not maintained during the follow-up period; thus, complete remission was not achieved in any patient [35] . In a larger study, MSC therapy provided clinical efficacy in active RA patients for at least 3 months, and additional MSC administrations at 3 months stabilized the disease [36] . Furthermore, in a recent study of MSC therapy in ALS patients, it was demonstrated that immunomodulatory factors secreted by MSCs were predictive of the effectiveness of MSC therapy and could potentially identify the patients responsive to therapy. Although the clinical outcomes following MSC therapy did not differ significantly from those of the control groups, ALS patients who responded to MSC therapy showed enhanced levels of immunomodulatory factors, such as VEGF and TGF-β, in the remnant MSC specimens following administration, compared with non-responders [37] .
Thus, these conflicting observations on MSC therapy in various diseases suggest that to achieve the well-defined therapeutic benefits of MSC therapy, mechanisms involved in MSC-mediated immune modulation need to be investigated further.
Plasticity of MSC-mediated immune modulation
Pre-clinical studies of MSC therapy have highlighted that MSCs actively sense and react to their environment. The potent immunomodulatory properties exerted by MSCs are not constitutively immunosuppressive but are induced by environmental inflammatory mediators. Currently, the plasticity of MSC-mediated immune modulation represents a new paradigm in MSC immunobiology.
Licensing of MSCs by inflammatory stimuli
MSCs require exposure to pro-inflammatory cytokines, such as IFN-γ, TNF-α, IL-1α, and IL-1β, to activate MSCmediated immune suppressive effects. The inhibitory effects of MSCs on T-cell proliferation require the presence of IFN-γ, and exogenous addition of IFN-γ can further enhance the suppressive activity of MSCs [38] through increased secretion of chemokine receptor ligands and immunosuppressive IDO. The role of IFN-γ in MSC-mediated immune suppression has also been described in vivo in a GVHD model [39] . The therapeutic effects of MSCs correlated strongly with the presence of IFN-γ following the development of GVHD. Furthermore, when IFN-γ knockout mice were used as donors for GVHD, MSC treatment could not control the disease [39] . Pretreatment of MSCs with IFN-γ, however, restored the immunoregulatory capacities of the MSCs.
Macrophages play a critical role in vivo in initiating and regulating the immunomodulatory effects of MSCs. Depending on the inflammatory stimuli, monocytes develop into "classical" M1 macrophages or "alternatively activated" M2 macrophages. During acute inflammatory responses, Th1 cytokines induce the polarization of M1 macrophages that secrete high levels of IFN-γ and TNF-α, involved in MSC licensing. In contrast, during chronic inflammation, high levels of Th2 cytokines polarize M2 macrophages that secrete IL-6 and IL-10, resulting in alternative licensing of MSCs [40] .
Immunoregulatory fate of MSCs following licensing
MSCs that respond to different inflammatory stimuli are capable of differential polarization [11, 14] (Table 1 ; Fig. 1 ). Following tissue injury, inflammatory mediators such as cytokines and Toll-like receptors (TLR) agonists promote MSCs to release various chemokines, such as CXCL-9 and CXCL-10, and adhesion molecules, including intercellular adhesion molecule-1 and vascular cell adhesion molecule-1, which subsequently recruit lymphocytes to the inflammatory site [23, 41, 42] .
When MSCs encounter lymphocytes in the microenvironment, NO and IDO play key roles in orchestrating MSCs in immune modulation [43] . The production of NO and IDO by MSCs has been demonstrated to be involved in the immunosuppressive effects on various lymphocytes. Likewise, inhibition of the NO and IDO pathways of MSCs dramatically reduces the suppressive effects of MSCs on lymphocytes [23] . During acute inflammation, when M1 macrophages are present and levels of IFN-γ and TNF-α are high, MSCs are licensed to acquire an immunosuppressive phenotype, in which high levels of NO and IDO are produced. Robust production of NO and IDO by activated MSCs promote the inhibition of highly proliferating effector cells involved in the pathophysiological process of disease. However, during chronic inflammation, when M2 macrophages are present and levels of IFN-γ and TNF-α are relatively low, MSCs are alternatively licensed to produce reduced levels of NO and IDO. Due to insufficient levels of NO and IDO, MSCs fail to control the immune response elicited by effector lymphocytes. While these MSCs produce low levels of immunosuppressive NO and IDO, MSCs maintain production of chemokines, such as CXCL9, CXCL10, RANTES, MIP1-α, and MIP-β, and thus continue to recruit and enhance effector T cells. Thus, MSCs polarized in such environments are often characterized as immune enhancing.
Moreover, it has been recently demonstrated that the activation of TLRs present in MSCs, including TLR3 and TLR4, induce MSCs to acquire specific immunomodulatory functions [42] . TLR3 ligation by viral double-stranded RNA induces the polarization of immunosuppressive MSCs that produce high levels of NO and IDO. However, the activation of TLR4 by lipopolysaccharide promotes alternatively licensed MSCs that produce low levels of IDO and NO.
Clinical relevance of MSC plasticity
Although further investigations into the immunoregulatory mechanisms of MSC therapy and additional clinical experience are necessary, it is becoming evident that appropriate inflammatory stimuli determine the immunosuppressive fate of MSCs. In the clinical setting, varying inflammatory conditions in different immune-mediated disorders may result in different responses to MSC treatment. Cytokine profiles that are dominant during the acute phases of inflammation may differ from those of chronic disorders and, thus, differentially license MSCs. Furthermore, the inflammatory statuses that continue to fluctuate throughout the course of pathogenesis, and immune responses potentially alter the effects of MSC-mediated immune modulation. Importantly, most patients treated with MSC therapy concurrently receive high doses of immunosuppressants that alter the inflammatory profile in the microenvironment. Thus, in addition to the direct effects of immunosuppressants on MSCs, the effects of immunosuppressants on the local inflammatory environment and how they influence the functional plasticity of MSCs need to be considered.
Novel strategies for accelerated clinical application of MSCs
Today, the insights we have gained from studies on the plasticity of MSC-mediated immune modulation provide important therapeutic implications [14] . Here, we discuss novel strategic approaches to overcome the plasticity of MSCs for accelerated clinical applications (Fig. 2) .
Gene-modified MSCs
Ideally, sustained production of immunomodulatory factors, independent of inflammatory stimuli, can significantly enhance the potency of MSCs. Pre-clinical studies have consistently demonstrated that intentional overexpression of anti-inflammatory genes, including HGF [44] , IL-4 [45] , , and TGF-β [48] , could dramatically improve the clinical course in both acute and chronic immune-mediated disorders. However, the involvement of genetic manipulation raises important safety issues for use in the clinical setting, and thus progress towards clinical applications has been relatively slow despite the therapeutic potential. Furthermore, there are concerns that overproduction of anti-inflammatory cytokines in gene-modified MSCs may paradoxically cause pathological immune responses in disease progression. Fig. 1 Plasticity of MSCs in immune modulation. a At a site of tissue damage, local inflammatory mediators are secreted to activate monocytes into pro-inflammatory M1 macrophages. M1 macrophages produce high levels of pro-inflammatory cytokines, including IFN-γ and TNF-α, and license MSCs to acquire an immunosuppressive phenotype. In response to pro-inflammatory stimuli, activated MSCs produce chemokines that attract lymphocytes to the site of injury. Licensed MSCs produce high levels of the immunosuppressive molecules IDO and NO, which suppress the effector functions of recruited lymphocytes. As a result, the overall immune response is attenuated and tissue repair induced. b However, chronic inflammation induces the differentiation of monocytes into M2 macrophages that produce relatively low levels of IFN-γ and TNF-α. Chemokine production by MSCs is maintained and recruits lymphocytes to the site of inflammation. However, low levels of IFN-γ and TNF-α provide insufficient immunosuppressive licensing of MSCs. As a result, reduced levels of IDO and NO are secreted by MSCs, in which uncontrolled lymphocytes aggravate the inflammatory immune response
Pre-conditioning of MSCs
To overcome the limitations of gene-modified MSCs, ex vivo preconditioning of MSCs for transient immunosuppressive enhancements may be more relevant clinically. Pre-activation of MSCs with pro-inflammatory cytokines was initially reported in an experimental GVHD model using IFN-γ [39] . It has been reported that the ex vivo pre-treatment of MSCs with cytokines, such as IFN-γ [49] and TNF-α [50] , resulted in enhanced immunosuppressive effects of MSCs. Other methods, such as hypoxia preconditioning [51] and activation of the nucleotide-binding oligomerization domain [52] expressed on MSCs, have been suggested. However, numerous other possibilities for pre-conditioning MSCs exist, including different concentrations of cytokines, different combinations of stimulating factors, and varied culture durations. Thus, it is essential to obtain standardized and optimized protocols for pre-conditioning MSCs that trigger efficient immunomodulatory effects.
Combined cell-based immune modulation
One of the major immunomodulatory effects of MSCs is the induction of Tregs, both in vitro and in vivo. MSCs promote the differentiation of Tregs that directly contribute to suppressing the immune response. In addition, the induction of Tregs may beneficially support the immunosuppressive activities of MSCs. Thus, close interactions and empowering relationships between MSCs and Tregs suggest a synergistic therapeutic effect when used together.
In our group, we implemented the use of a combined cell therapy approach for the treatment of acute GVHD [53] , induction of mixed chimerism following BMT [54] , and prevention of allogeneic skin-graft rejection [55] . We observed that the combined cell therapy groups in all models showed enhanced survival and reduced clinicopathological symptoms. 
Standardized immunological characterization of MSCs prior to treatment
In 2006, the MSC committee of the International Society of Cell Therapy (ISCT) established minimal criteria for characterizing MSCs [3] . However, immunomodulatory properties of MSCs were not considered, because the main objective at the time was to provide standardized cell preparations. Since then, a new working proposal has been put forward for the immunological characterization of MSCs. Due to variable culture conditions, such as culture medium, cell density, and additional growth factors 
Conclusions
To conclude, the immunomodulatory properties of MSCs have created growing interest in various fields of medicine over the years. Recent studies have highlighted the plasticity of MSCs involved in immune regulation and revealed new insights into MSC-based immune modulation. Currently, new therapeutic guidelines to enhance MSC-based therapy have been suggested on the basis of in vitro observations. However, further in vivo studies will be necessary to validate the underlying mechanisms of MSCs in immune modulation. With the changes in the paradigm of MSC immunomodulation, it is anticipated in the near future that improved designs of MSC-based therapies will be implemented in the clinic.
